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An Evaluation of Overload Retardation Behavior and Overload
Retardation Models of Ti-GAl-4V Sheet Titanium Alloy

Gu Mingda, Zhang Yongkui and Yan Minggao

Abstract

This paper focuses research on overload retardation

behavior under different overload ratios and different crack
lengths through overload tests of a Ti-6A1-4V titanium alloy.

It also discusses the effects of some major factors on retard-

ation behavior. Retardation behavior is considered to be the

result of cyclic loads. It is suggested that the retardation
process can be divided into five stages. Prom an analysis of

the modes of crack growth and other factors, the overloading

process of fatigue crack growth in these tests is regarded as
mainly in a plane strain ooidtion or a mixed mode in which the

plane strain occurs predominantly. Thus, at a given overload

ratio 00I the nuwber of delay cycles So caused by overload

increases with the 'decroase of overload level K0 1 under plane

strain conditions.

In this paper, the Wheeler, fillenborg, Hateuoka and

Naarse models were selefted in view of applications and overall
omarisons and discussions were carried out regardinq the des-

cribing capacity and application ce itica of each model on

retardation behavior. The Natev*&m model, based on the closure

ofeat, was found to be In roltiely gof reomat with the

test rsults. t aw alas nalwored' that the 40lay effeot

soMe asa In the e of Sa mode l oeaeably

iSMUer thea the- Oat"UaL msue.(rm ~10"ee 66147 effe% nowe.
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varying loads, especially the interaction between the retarda-
tion behavior of the crack growth rate caused by overloading
and the cyclic loads in tfie load time course.* That £5, the
method of combining and considering the overload retardation
models on the basis of the successive accumlation method in
order to predict the fatigue crack growth life under varying
amplitudes. Many researchers have studied the factors affect-
ing retardation behavior from different angles. A large
amount of test research has shown that retardation behavior not
only depends on the overload conditions themselves but is also
closely related to the fatigue failure caused by the load
course before overloading. in short,. retardation behavior
should be the result of the interaction between the cyclic
loads. it is a very complex ghnma and to date the mach-
anism of retardation is still not clear. Further, the qatita-
tive analysis of certain factors as well an their, measuremtent,
is still difficult.

However, in order to explain the'retardation behavior of
overload and load sequence on crack growth, we successively

pooed many retardation mechasisaw and models and attempted
to etabishtheoretical:. or awirioal overload retardation

-mo*I&in rde toprovite an eff'"tivar metbod to calca~te
fatigue Crack 2row-t lit uftder verYin amplitudes i n egift-

"A~ts Pepez begim irem oabe bi t ofViNW. Of li
ad seleets twe trrpee at U~dOSW ft tpe -IS, th* MOiAe =OL

(4 a" *0I1I toe 51 1** tebs.th inm* MOW060
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physical Coasept. It is 90901Y UseA am but is being devsl-
oped. For this roiess, we ctseessed the retarcation, phenmena
and factors for the *vexl tests at fi-mA-4? alloy sheets.
We also carried out, overall Lomses and evaluations of the
describing capacity and cplsisonsditions ae. of the
above mentioned moels on the retardation usno ea

11. Materials and Zxperimental V&ocedure

The mater ial used in the aneiments was a Ti-EAI-4V alloy
annealed sheet (thickness is 2 *Ova). Its main chemical compos-
ition and mechanical properties are listed in Table, 1.,

jI 1 TV j F9 St 1,US US VPf b.0 KG.MPW.9r

Table 1 Chemical composition. (weight 1A) and .Mechanical Proper-
ties.

The test Saple, Ls tiliceatral enetatioa. crack type
(CC?) of a Xongit4a.epig-Zsimsa. are
30 z1Oa' and it*IntialI 09". 10eapk after pefbsted
ftigueO creohe is 1. 02*

us toet wer cut"e Imt tGe 0~~ 00% * ftA &to*-

Mti se W th *S,04* "oft to&



carried out at room ten erature and the relative humidity was
less than 600.

See reference (111 for the explanations of the basic prin-
ciples, calculation formulas and computer programs of related
models.

Ill. Test Results and Discussion

*Constant amplitude tests were carried out according to the
ASTM Z647-78T. The test data was processed based on reference
[121 wad the processing results are listed in Table 2.

(1)~I (3)J 3*

CLMPtN LL**~

table. 2 Data wrcs ing resultsof Ti-SAl-4V'sheet cons tant
Ke 1 (1) rit- forms.1as'; (2), Naterial 1 a coasteat;

(3) Ymer of 140"of aracks which grow from
2@& fto 64mr (0) wilat; (S) Average

measue valep -I& Za tble, A is $he am of
partia Aiffereace, sques. at the. fittin value
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Fig. I a-V test curves under different Q 1

3.1 Description of Overload Models in Relation to
Retardation Phenomena

ina evaluating oerload retardation imodels, we first

analyze whether or not the model can appropriately describe and
explain the retardation behavior as well as whether or not it
grasps the major factors influenaing retardation behavior.
Figure 2 gives the, overload retardation properties of titanium
alloy when single tensile owerlosid ratio %1-2 .0: da/dN-4 anid
a-V test aurvei at the "e time,, it gives the calculation
cutve cocresponding-to the model.

fte retardation ptoe" ohmsn an th. toot curve in Figure 2
is divided Into five stages.

-A~d-A
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1) Crack growth acceleration stage of overload point
(A) (131;

2) Hysteresis stage of overload retardation (B);
3) Maximum retardation point of overload (C);
4) weakened stage of overload retardation'CD);
5) Basic loss stage of overload retardation (3).

Note: the boundary line of stages (D) and (1) is the over-

load's monotohe plane stress plastic sone boundary, that is

4~;-4 (L)
It can clearly be seen from Figure 2-that the Wheeler and

Willearg models. which use the otack point' residual, stress
athe basis imediatlyr reach the maxiim retardation point

JUet after oMW2.e. a r Wdm, t.ee &. me show the hysteresis
stab" 1 lofdetoab t -t tZy eater into the* weaheami

stag ofset tto. "A. Ip"h" thet tbw N aumahloto,
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reteratioa point o5 &/iflA 1 M/' mu enes the Galv-j ated life to be- too lage eM then is. U4nAty -o referee
value. La short, their eapflty -to 4orfibe eadaini
quite poor&. Ccmstiwety vs"It*w ac ^dNWS
models which use the creek coftn effect as the basis can very
well describe and eapl"a the.Attnr o retrdation, proces.
Mowg te two, "te Ntee"stA e le. to, maloser to thek test

cve. This eslata that tbey:gnaw thef crack cloure and
other a jar teters, cot~oflil xetardation behavior.f

it can alec- be see in tba fiflre that that; autism
retar:datio poi"t aptr nd that thes rising area
crack zowth rato S. tod; 099t.. fta, is! the, result of their
sitting may retatt"ato % *n(e later Atnioaio).
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Figure 4 gives the a-N test curve under many single
tensile overloads ( 0 l.)as well. as the entire calculation
curv, of each model.

Fig. 4 a-N curve of many single tensile overloads (Q 01 -1.8).

Figure 4 also gives the measured value N* of the number of
cycles required for crack growth to grow from 2a-22mm to 7m

as well as the corresponding estimated value Nca of the re-
mode abe t reglat reardtionindx x Cl.6)adoti

tardation model. It can be seen that not only is the Wheeler

satisfact ory results with its relative errors being -1.461% but ~I
Natsrv'1 a's model. also obtained satisfactory results with rela-
tive errors of -1.40%. The errors of Hearse's model were

-10.250; the errors of the Willenborg model, based on the cal-
culation of plane stress and plane &train, were separately

PfLgUZ I gives the I of single tensile overload. fe can

se* by coaring the calculation: results of Figs.' 3 and 4
that the errors of the etiaton of sI*gl point %~ are
la""r than these of the estimations of the entire life.

It aM& be. SM, Ewe it~ AD& 4- t% t f@llew6ft h
i~Se @1Ly hs mtiesbleizreass.

fhist"C U" 12tL3w eeei a1 )4 but aheee viii a"



be discussed here.

Figure 3(b) does not list the calculation results of the

willenborg model because it loses effectiveness when Qol 2.

These tests also measured the overload ratio without re-

tardation of this titanium sheet under R=0.1 conditions to be

1.3 and the overload ratio without crack growth to be 2.8 (see

Fig. 1). As regards this point, only Matsuoka's model was

able to suppiy estimations and the results of estimations using

this model are separately 1.40 and 2.66. Its results are still

considered satisfactory.

3.3 Relationship of Crack Growth Mode and ND

Test results prove that under given Q01 conditions, ND

gradually decreases with the changes of Kol from small to large.

Following this, it is basically stable or there is a slight

increase (Fig. 3). This phenomenon is identical to the 2024-T3

overload test results given in reference 115].

In order to distinguish the growth mode, we carry out

verification for the maximum Kol-69NPaV point when Ql-2.0,

2=/B t et

€£

Key: ()- B is the thickness of the test
sople. (2) And.

According- to reference (161. it ge.ul4 be iplem strain,
that is, the crack growth is tho tensile mode. This can be
PCGVea from the fracture of theatest sample (Fig. S, see Plate
13): asid* from tho Otic teai" A in Inneou breaking

t I

J .L_



caused by the overload itself on the fracture of the test

sample, the entire crack growth surface (including the over-

load delay effect area) has typical plain strain fatigue

fractures or only a very small part is a little sheared. There-

fore, it is considered that this test belongs to the crack
growth of the plane strain mode.

The influence of the crack growth mode on ND reflects the
influence of overload level Kol on ND.  Th dependent relation-

ship of ND on Ko, can be indirectly analyzed from the following

formula:

.N~u~mfda
'o U,C( AK)"

In the formula, UD is the retardation coefficient. Under the

given conditions of and R, the above formula can be roughly
explained as follows: on the one hand, %* increases with AK
and the assumed negative index relationship d*creases sharply;
on the other hand, ND* also gradually increases with the in-
creases of D* Therefore, the relationship of a* and Kol are
similar as shown by the solid line in rig. 6. When 101 is
relatively small, it is the stress condition of the plane strain.
1t: Can be. seen that under pln stzain-conditions, ID* increases
with the decrease of K

o.

a. *. 'f - ' .*i' *"' .WY " Y

rig. 5 (Plate 13) rront view (a) and saaros€copic fracture
piture (b) of test sample with single tensile overload

10
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Fig. 6 Schematic diagram of the relationship between ND* and
Kol with given Qol"

Actually, under the conditions of these tests, the changes

of Ko1 were in essence the changes of the crack growth., This
is to say that the crack growth and crack growth type are in
the same way factors which influence retardation behavior.

3.4 Relationship of Y , to, and Retardation Behavior

It is generally known that the size of overload plastic
area dimension Y is. closely related to retardation behavior.
Yet, at present, the calculation formulas used for Yrb are only
divided into the two extreme situations of plane stress and
plane strain which are not sufficiently rational. On thp other

* hand, growing fatigue cracks are still processed according to
the concept of plane strain and plane stress in fracture tough-
4ess which is also not very appropriate. After a large amount

of test 6bservations, we not only consider that the growth pro-

ess of fatigue cracking" should primarily use plane strain but
furtherom, after the discussion in the above section, we also
believe that the overload process in these tests should in the
same way be plane strain or a mixed mode primarily of plane
strain. Por this reason, using the Willenborg model listed in
rig. 4, the error measured aoooding to plane strain were far
maller than those oalulat.d acooding to plan. stress wich

* wll proves this point.

J .U
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For the !4atsuoka. model, it was considered even nore
rational to introduce the cycle loading characteristics into
the plastic zone of the opposite direction (16, 171.

6-WILLM~ONG "U91L
G. * XASUOXA "UKS
E-NAARSS UOs.

0.4

Pig. 7. Relationship of delay effect zon e dimensions d
and 1D

Key: (1) Test value.

*Figure 7 gives the relationship of crack growth M D and Kol
which have been iffected by retardation. it can be seen from
Fig. 7 that 0D correspondingly increases with the increases of

Ko After comparisons, it can be seen that the calculation
value V.of each model is far smaller than the measured value
(about 1/2-1/15 of the. meatured value). *moreover, this larger

i~i~. te lrge th crck engh),the larger the differ-

ence value with the tests. The production of this difference
value is on the one hand related to the formula of the model
selected to calculate the plastic zone dimensional: on the other
hand (which is an even more, important reason), it is created by

1- each model lizmiting the delay ef fect. sone in the monotone
plastic zone caused by a. correspoadjngq overload. Naturally,
this does not accord with test results.

ftaet value do0is larger tbA& calculated value 16 of e
overload's plastic scme &Laseifsim.. This, also explains the ow
two]. actimonf tiftarm otUkelese eftects iA the' rtzoo_06-
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basic loss stage (Z). This can be explained from Fig. 2.

The five crescent moon shaped darkened crack delay growth

zones are "a flight of steps" formed from the direct breaking

damage of the crack tip material caused by the overload itself

and the delay effect zone: after the crack edge and crack str-

face grow a very small distance in the 450 direction after-

overload, they then gradually reverse to the direction parallel

to the original crack surface and continue to grow until a

growth speed of a constant load is restored. It can also be

seen from the figure that the width of this zone increases with
the increase of the crack length and moreover the leading edge
is even more protruding. In Fig. 5(a), the turning point of

the crack growth direction changing and returning for the

four times and five times overload effect zone is very clear.
I

Naturally, the protruding and restoring of the leading edge

of the crack after overload, especially the turning and reversal
of the crack growth direction, influence retardation behavior.
However, four models do not involve this factor.

To sun up, we consider that to study retardation behavior
it is not only necessary to consider the overload conditions

themselves such as overload ratio, overload number etc. but it
is also necessary to consider other important factors such as

the closure stress (including the two sections of closure

stress of the crack and crack tip which pass into and throgh

the overload plastic sone), the crack tip's residual stress,

the crack tip's passivation and sharpening, the crack tip's

lal strain hardening, the, change and reversal of the crack

tip' direction, the leading edge of the crack becoming "bow
shape" and the transfdoation of the crack growth mode etc.

These factors are all the result of crack point suroundig

plastic deformation caused by overloading. .nM these,.
Closure bebsvier bri"S sbet .LO range" effects for each

IS

Yv. - :



stage in the entire retardation process and thus it in pro-
sently being given serious attention.

Furthermore, the overload'sa environmental factors and
overload' s cycle stress ratio (inc luding the negative value) are
major factors affecting retardation behavior. not all 44 the
above mentioned models were cons idered and thus we must await
further work.

WV. Conclusions

1. Tests proved that the overload retardation process can
be divided into five stages and that retardation behavior is
the result of the interaction between cycle loads. The changes
of the crack growth direction and protrusion of the leading
edge of the crack can affect retardation behavior.

2. The overloading process of these tests are plane
strain or mixed mode which predominantly use, plane strain. Under
plane strain conditions,, the retardation cycle numnber D cot-

eospondingly increases with the decrease, of overload level o
for a given 001 value..

3.* The results of estimsting crack growth life of four
retardation models with many single tensile overloads are still
considered satisfactory. nowever, because each model limits
the delay effect none in the overload monotone plastic sone,
the delay -effect sons dimensions calculated for each model are

mch smller than the test values.
4.* The Wheeler and Willenhoeg maols are relatively

* lacking in their ability to describe, retardation hm ea.The
eswression ef the formesr is saple anad its applicability is
s ttoaW yet It mat ameasure, the retardation indexi the latter is
simple and convenient let loses effetivenss whenoa1 2.

5. The eoak olesure behavlar plays the meot impotant
role In the. entire, VeeaOtespies. ftuat the ability of
the Mteuse wan Werse mels with *lams, of foot "te

it
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relatively good for deacribing retadaton pbsena. Among

them, the Matsuia model is oven coer to the test conditions.
However', the effects of bot h of these am omplex load spctu

still await further research.

A groat deal of assistance was rendered by V4 Dejun,
Shang Shijie, Lu Hui ubng, Be Xiaobe and Omnang Jie as well as
concades of the Room 16 Computer Group during the research

process. We would like to thank them here.
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